Practical conversion of biomass-derived sugars to ethanol requires organisms which are able to ferment both hexose and pentose sugars (14) . Saccharomyces spp. and Zymomonas mobilis efficiently convert hexose sugars to ethanol but are unable to metabolize pentose sugars (2, 13, 21) . The pentose sugar D-xylose is the most abundant product from hemicellulose hydrolysis and is a major constituent of plant cell walls (7, 15) . Although at least eight species of yeasts have been reported to ferment xylose, the ethanol yields from these are unsatisfactory because of the accumulation of xylitol as a coproduct (2, 13, 21, 22) .
Escherichia coli and related enteric bacteria are capable of metabolizing the entire range of sugars found as constituents of plant biomass (16) . Recombinant derivatives which express the genes encoding the Z. mobilis pathway for ethanol production have been described. Expression of Z. mobilis pyruvate decarboxylase in enteric bacteria partially diverts carbon flow to ethanol as a fermentation product by using low levels of native alcohol dehydrogenase activity (3, 6, 10, 19, 23, 24) . More efficient ethanol production and higher yields of ethanol have been obtained with E. coli recombinants containing an artificial operon, the PET operon, which includes the Z. mobilis genes for both alcohol dehydrogenase II and pyruvate decarboxylase (1, 9, 10, 19) .
In a previous study, ethanol production and environmental hardiness were examined in eight strains of E. coli with two different PET plasmids (1) . This paper investigates the range of conditions under which xylose is efficiently fermented to ethanol by one of the superior constructs, E. coli B(pLOI297).
MATERIALS AND METHODS
Organism, media, and fermentation experiments. E. coli B (ATCC 11303) containing pLOI297 was used, grown, and maintained as previously described (1 Ethanol analysis. Samples of fermentation broth were removed at 6-to 24-h intervals over a 120-h period and were analyzed as previously described (1) . Results presented are an average of two or more experiments.
In fed-batch experiments, ethanol production and final ethanol concentrations were estimated by measuring the loss in weight during fermentation as previously described (20) . The values calculated on the basis of weight loss (0.49 g of carbon dioxide evolved per 0.51 g of ethanol produced) were within 0.2% of those determined by gas-liquid chromatography.
The efficiency of ethanol production was calculated on the basis of the initial xylose concentration and was not corrected for residual xylose. This value was expressed as a percentage of theoretical yield (5.0 mol of ethanol per 3.0 mol of xylose).
Fed-batch experiments. Fed-batch fermentations were carried out at both 30 and 35°C by stepwise feeding with 50% glucose or 25% xylose solutions as described previously (20) . Fermentations were monitored by carbon dioxide evolution, and this loss in weight was used to calculate residual sugar. Additions were made to maintain sugar excess. Final ethanol concentrations were measured by gas-liquid chromatography.
Ethanol production by concentrated cell suspensions. Cells were harvested by centrifugation (10,000 x g for 10 min at 5°C) at a cell density of 0.8 to 1.0 A550, washed in fresh medium, and suspended in a final volume of approximately 10 (17) . However, the addition of ferrous sulfate (5 and 10 ,uM) did not affect growth or ethanol production.
Fed-batch fermentations. Fed-batch fermentations ( Fig. 1 ) were examined to determine whether final ethanol concentrations could be increased above those observed with xylose and glucose (1) in simple batch fermentations. A concentrated solution of xylose (25%) or glucose (50%) was added at approximately 15-h intervals to maintain excess sugar. Fed-batch fermentations proceeded more rapidly at 35 than at 30°C. The faster rate of fermentation at 35°C was accompanied by a reduction in final ethanol concentration from 6.4% at 300C to 5.5% at 35°C with glucose and from 4.8 to 4.6%, respectively, with xylose. Xylose was utilized more slowly than glucose. The final levels of ethanol achieved with excess sugar during fed-batch fermentations were no higher than those obtained during simple batch fermentations.
Xylose fermentation by concentrated cell suspensions. In the concentrated cell suspensions, cells represented approximately 5 and 10% of the total volume (22 and 44 g of dry cell weight per liter, respectively) (Fig. 2) . Maximal volumetric rates of ethanol production were 30 and 14 g/liter per h. (2, 13, 21, 22) . Indeed, the rates and efficiency of xylose fermentation exceed most reported values for yeasts with glucose (1, 14, 18) .
The final ethanol concentrations achieved during fermentation were reduced with increasing temperature. Increasing temperature has been shown to increase both the potency of ethanol as a membrane-disruptive agent and the sensitivities of E. coli (11) and Z. mobilis (12) to growth inhibition by ethanol. Our results with fed-batch fermentations indicate that an increase in temperature from 30 to 35°C lowers the final level of ethanol produced. The maximal level of ethanol produced from excess xylose was less than that produced from glucose, particularly at 30°C. Although the basis for this difference between sugars is unclear, it may reflect more pronounced ethanol inhibition of xylose uptake or unique enzymes of pentose metabolism.
The maximal level of ethanol produced from excess glucose in fed-batch fermentations, 6.4% by volume, is equivalent to the ethanol concentration required to block E. coli growth in rich medium (1, 8, 11) . Ethanol-induced leakage of membrane constituents is the primary mechanism by which ethanol affects cellular functions in yeasts and bacteria (5, 8, 11, 12) . Previous studies have shown that E. coli is able to adapt to the presence of added ethanol by changes in membrane composition (11) , and such adaptation may contribute to the higher ethanol tolerance of recombinant E. coli compared with ethanologenic Klebsiella planticola (6, 24) and Erwinia chrysanthemi (23) 
